The coupling between receptor-mediated Ca 2؉ store release and the activation of "store-operated" Ca 2؉ entry channels is an important but so far poorly understood mechanism. The transient receptor potential (TRP) superfamily of channels contains several members that may serve the function of store-operated channels (SOCs). The 3,5-bis(trifluoromethyl)pyrazole derivative, BTP2, is a recently described inhibitor of SOC activity in T-lymphocytes. We compared its action on SOC activation in a number of cell types and evaluated its modification of three specific TRP channels, canonical transient receptor potential 3 (TRPC3), TRPC5, and TRPV6, to throw light on any link between SOC and TRP channel function. Using HEK293 cells, DT40 B cells, and A7r5 smooth muscle cells, BTP2 blocked store-operated Ca 2؉ entry within 10 min with an IC 50 of 0.1-0.3 M. Store-operated Ca 2؉ entry induced by Ca 2؉ pump blockade or in response to muscarinic or B cell receptor activation was similarly sensitive to BTP2. Using the T3-65 clonal HEK293 cell line stably expressing TRPC3 channels, TRPC3-mediated Sr 2؉ entry activated by muscarinic receptors was also blocked by BTP2 with an IC 50 of <0.3 M. Importantly, direct activation of TRPC3 channels by diacylglycerol was also blocked by BTP2 (IC 50 ϳ 0.3 M). BTP2 still blocked TRPC3 in medium with Nmethyl-D-glucamine-chloride replacing Na ؉ , indicating BTP2 did not block divalent cation entry by depolarization induced by activating monovalent cation entry channels. Whereas whole-cell carbachol-induced TRPC3 current was blocked by 3 M BTP2, single TRPC3 channel recordings revealed persistent short openings suggesting BTP2 reduces the open probability of the channel rather than its pore properties. TRPC5 channels transiently expressed in HEK293 cells were blocked by BTP2 in the same range as TRPC3. However, function of the highly Ca 2؉ -selective TRPV6 channel, with many channel properties akin to SOCs, was entirely unaffected by BTP2. The results indicate a strong functional link between the operation of expressed TRPC channels and endogenous SOC activity.
Cytosolic Ca 2ϩ signals control a wide array of cellular functions ranging from short-term responses such as contraction and secretion to longer-term regulation of cell growth and proliferation (1) . Ca 2ϩ signals generated in response to receptors are complex, involving two closely coupled components: rapid, transient release of Ca 2ϩ stored in the endoplasmic reticulum (ER), 1 followed by slowly developing extracellular Ca 2ϩ entry (1) (2) (3) (4) . Receptors coupled to activation of either PLC-␤ or PLC-␥ generate the two messengers, InsP 3 and DAG. InsP 3 diffuses rapidly within the cytosol to interact with InsP 3 receptors in the ER that serve as Ca 2ϩ channels to release luminal stored Ca 2ϩ and generate the initial Ca 2ϩ signal phase (1) . The resulting depletion of Ca 2ϩ stored within the ER lumen serves as the primary trigger for a message that is returned to the plasma membrane resulting in the activation of storeoperated channels (SOCs) that mediate capacitative Ca 2ϩ entry (2) (3) (4) . The activation of SOCs is relatively slow (10 -100 s), and the Ca 2ϩ entry phase of Ca 2ϩ signals serves to mediate longer-term cytosolic Ca 2ϩ elevations and provides a means to replenish intracellular stores (3, 4) . In certain cell types, including hematopoietic cells, SOCs carry a highly Ca 2ϩ -selective, non-voltage-dependent, inwardly rectifying current termed the Ca 2ϩ release-activated Ca 2ϩ current, or I CRAC (2) . The mechanism of coupling of depleted ER Ca 2ϩ stores to activate Ca 2ϩ entry through SOCs remains a crucial but unresolved question.
The TRP superfamily of cation channels includes a remarkable spectrum of channels mediating a variety of sensory and receptor-induced signals (5, 6) . Within this superfamily, members of the TRPC and TRPV channel families have in several cases been shown to mediate Ca 2ϩ entry with coupling properties and/or conductance properties very similar to SOCs (4) . TRPC channels are ubiquitously expressed in vertebrate cells and are the products of seven genes coding for cation channels activated primarily in response to PLC-coupled receptors (4 -7) . Evidence indicates that many TRPC family members can function as store-operated channels (3, 4, 8 -10) , and there are a number of studies indicating that TRPC channels in the plasma membrane interact with intracellular InsP 3 receptors, suggesting that they can receive information directly from Ca 2ϩ stores (9, (11) (12) (13) . However, there is also evidence that TRPC channels can function independently of stores (3, 4, 7, 14, 15) . Members of the closely related subgroup of TRPC3, 1 The abbreviations used are: ER, endoplasmic reticulum; SOC, storeoperated channel; TRPC, canonical transient receptor potential; PLC, phospholipase C; InsP 3 , inositol 1,4,5-trisphosphate; DAG, diacylglycerol; OAG, oleoyl-2-acetyl-sn-glycerol; BCR, B cell receptor; fura-2/AM, fura-2 acetoxymethylester; eYFP, enhanced yellow fluorescent protein; BTP2 (4-methy-4Ј-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carboxanilide); CRAC, Ca 2ϩ release-activated Ca 2ϩ current.
TRPC6, and TRPC7 channels (TRPC3/6/7) can each be activated by DAG (4, 12, 16, 17) , suggesting DAG is the PLCderived product mediating their physiological activation. In contrast, the TRPC1, TRPC4, and TRPC5 subgroup of channels (TRPC1/4/5), although dependent on receptor-induced PLC activation exactly as TRPC3/6/7 channels, are completely unresponsive to DAG (16, 18) . Thus, how receptor activation of TRPC1/4/5 channels occurs remains a mystery. Members of the TRPV channel family also have properties that have made them attractive SOC candidates. The TRPV6 channel (similar to TRPV5) has channel properties with very high Ca 2ϩ selectivity that suggest a close similarity to the store-operated CRAC channel (19) . Indeed, expressed TRPV6 channels have been observed to be activated in response to store depletion (19, 20) , although other studies suggest otherwise (21) .
Thus, despite considerable study, the role of TRP channels in mediating Ca 2ϩ entry in response to Ca 2ϩ store depletion and receptor activation remains uncertain and controversial. Moreover, the coupling process by which emptied ER stores communicate to activate plasma membrane Ca 2ϩ entry channels is unknown. A significant factor contributing to the paucity of information on the nature of store-operated Ca 2ϩ entry has been a lack of channel modifiers to probe the function and coupling mechanisms for these channels. Recently, a report from Ishikawa et al. (22) identified a 3,5-bis(trifluoromethyl)pyrazole derivative (4-methy-4Ј-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carboxanilide), YM-58483, as a potent inhibitor of store-operated Ca 2ϩ entry in T-lymphocytes. This same compound (now named BTP2) was also shown by Zitt et al. (23) to block the highly Ca 2ϩ -selective CRAC channel in T-lymphocytes that mediates store-dependent Ca 2ϩ entry in these cells. At the same time, BTP2 appeared selective because it did not affect Ca 2ϩ handling by mitochondria or endoplasmic reticulum or other channel activities such as K ϩ channels or voltage-operated Ca 2ϩ channels (22, 23) . The highly Ca 2ϩ -selective store-operated CRAC channel has been characterized in some detail; however, its operation appears restricted to cells of hematopoietic origin (2) . Nevertheless, it is clear that virtually all cell types exhibit store-operated Ca 2ϩ entry (2, 4) . Hence it was important to assess the actions of BTP2 on Ca 2ϩ entry in cells other than lymphocytes and gauge any relationship between the properties of the narrowly defined CRAC channel and the more broadly operating SOC activity. Moreover, we sought to use BTP2 as a means to determine the relationship between SOC-mediated Ca 2ϩ entry and that mediated by a number of specific TRP channel proteins that have been strongly implicated as SOC candidates. Our studies focused on the TRPC3, TRPC5, and TRPV6 channel proteins. The TRPC3 channel is representative of the closely similar TRPC3/6/7 subgroup, observed to be activated in response to PLC-coupled receptors, diacylglycerol, and store depletion (4 -7). The TRPC5 channel, a member of the TRPC1/ 4/5 subgroup, is responsive to both PLC-coupled receptors and is also implicated in mediating store-operated Ca 2ϩ entry (4 -7). The TRPV6 channel is highly Ca 2ϩ -selective, closely resembling the pore properties of the CRAC channel and likely other SOCs (4 -6). The current studies utilized the 3,5-bis(trifluoromethyl)pyrazole derivative, BTP2, to assess functional similarities and distinctions between native SOCs and expressed TRPC3, TRPC5, and TRPV6 channels.
EXPERIMENTAL PROCEDURES
Cells and Cell Culture-The DT40 chicken B cell line was cultured in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum, penicillin, streptomycin, and glutamine as described previously (14, 17, 24, 25) . HEK293 cells and the stably expressing TRPC3 T3-65 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum, penicillin, streptomycin, and for T3-65 cells, G-418 as described previously (12) . The A7r5 rat aortic smooth muscle cell line was cultured as described previously (26) .
Transfection of Cells-Transient transfections of DT40, HEK293, and A7r5 cells were conducted using similar procedures. Cells were cultured overnight in RPMI 1640 with 10% fetal bovine serum, harvested from plates by scraping, washed in reduced-serum Opti-MEM (Invitrogen), then resuspended in Opti-MEM at a final concentration of 10 7 cells/ml. 12 g of each of the plasmids to be transfected (containing either human TRPC3, rat TRPC5, or rat TRPV6 in the pcDNA3.1 vector) were taken with 5 g of the marker DNA (eYFP) and added to 0.5-ml transfection cuvettes with an electrode gap of 0.4 cm, followed by the addition of 0.5 ml of the cells in Opti-MEM (10 7 cells/ml). After thorough mixing of cells and DNA, transfection was carried out using the Gene Pulser II electroporation system (Bio-Rad) at 350 mV, 960 F, and infinite resistance. The cells were then recovered in Opti-MEM (no serum added) for 3 h, resuspended in Opti-MEM with 10% fetal bovine serum, and applied to coverslips. Cells were allowed to attach for 3 h before fura-2 measurements were undertaken. The overall efficiency of transfection (eYFP-positive cells) was 10 -20% as detected during fluorescent imaging. The methods were similar to those described previously (14, 18, 26, 27) .
Imaging of Intracellular Calcium in Single Transfected Cells-DT40, HEK293, or A7r5 cells grown on coverslips after transfection were placed in Hepes-buffered Kreb's medium (Solution A: 107 mM NaCl, 6 mM KCl, 1.2 mM MgSO 4 , 1 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 11.5 mM glucose, 0.1% bovine serum albumin, 20 mM Hepes-KOH, pH 7.4) and loaded with fura-2/AM (2 M) for 25 min at 20°C. Cells were washed, and dye was allowed to deesterify for a minimum of 15 min at 20°C. Approximately 95% of the dye was confined to the cytoplasm as determined by the signal remaining after saponin permeabilization (28, 29) . Cells on coverslips were placed in "cation-safe" medium free of sulfate and phosphate anions (107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl 2 , 11.5 mM glucose, 20 mM Hepes-NaOH, pH 7.2), in the absence or presence of 1 mM CaCl 2 , SrCl 2 , or BaCl 2 as shown in the figures (14) . Ca 2ϩ measurements in single transfected and groups of untransfected cells were made using an InCyt dualwavelength fluorescence imaging system (Intracellular Imaging Inc.). Cotransfected eYFP served as the transfection marker and was detected at excitation wavelength 485 nm. Untransfected cells (not expressing eYFP) were identified from the same field and served as control cells. After cell identification, fluorescence emission at 505 nm was monitored with excitation at 340 and 380 nm; intracellular divalent cation measurements are shown as 340/380 nm ratios obtained from groups of single untransfected and transfected cells. Fura-2 detected either Ca 2ϩ or Sr
2ϩ
, and details of these divalent cation measurements were described previously (12, 14, 25, 30) . Resting Ca 2ϩ levels in all the DT40 and HEK293 cells were similar, ϳ100 -130 nM. All measurements shown are averages of multiple single cell Ca 2ϩ traces, and the results are representative of a minimum of three, and in most cases a larger number of, independent experiments. In all experiments utilizing BTP2, whenever BTP was included in a preincubation, the same concentration of BTP2 was also included throughout the imaging period.
Electrophysiological Channel Measurements-For patch clamp experiments, T3-65 and C-1 cells grown on glass coverslips were transferred to the recording chamber and kept in a standard external solution (145 mM NaCl, 2.8 mM KCl, 10 mM CsCl, 2 mM MgCl 2 , 10 mM glucose, 0.2 mM EGTA, 10 HEPES-NaOH, pH 7.4; free Ca 2ϩ was adjusted to 6 M using WEBMAX software). Patch clamp experiments were conducted in the tight seal whole-cell and cell-attached configuration. High resolution current recordings were acquired with a computer-based patch clamp amplifier system (EPC-10; HEKA, Lambrecht, Germany). Patch pipettes had resistances between 2 and 4 M⍀ after filling with the standard pipette solution (145 mM Cs-glutamate, 8 mM NaCl, 2 mM ATP, 0.3 mM GTP, 10 mM EGTA, pH 7.2, adjusted with CsOH to pH 7.2). Free Mg 2ϩ was adjusted to 1 mM and free Ca 2ϩ adjusted to 100 nM with MgCl 2 and CaCl 2 using WEBMAX software. Immediately after establishment of the whole-cell configuration, voltage ramps of 50-ms duration spanning the voltage range of Ϫ100 to ϩ100mV were delivered from a holding potential of 0 mV at a rate of 0.5 Hz. All voltages were corrected for a liquid junction potential of 10 mV between external and internal solutions. Currents were filtered at 2.3 kHz and sampled at 20-s intervals. Capacitive currents and series resistance were determined and corrected using the automatic capacitance compensation of the EPC-10. For analysis, four ramps were averaged after current inactivation and used for leak subtraction. The low resolution temporal development of inward currents was leakcorrected with an individual ramp current record after current inactivation by measuring the current amplitude at Ϫ80 mV. CCh was added to the standard external solution as indicated. 
Materials and Miscellaneous Procedures

RESULTS AND DISCUSSION
The molecular identification and functional coupling of storeoperated channels has been a long-term goal for many laboratories. The mediation of entry of Ca 2ϩ and other cations through SOCs occurs in most cells; thus, elucidation of their identity and function has broad significance (2-4, 31). Key to this quest has been the search for agents that might bind to and modify SOCs, with the hope that they provide tools to probe for the identification and isolation of the channel proteins. Two agents that have received much attention and utilization are the econazole derivative, SKF96365 (32, 33) , and the reactive boron compound, 2-aminoethoxydiphenyl borate (4, 12, 17, 34) . Although both agents can apparently block SOCs, their actions are in the low-to mid-M range (4, 12, 33) . Hence, their specificity is relatively low, and their interactions with and modifications of other activities have been significant (33) . In recent studies, the 3,5-bis(trifluoromethyl)pyrazole derivative, BTP2, has been shown to have potent effects on the function of CRAC channels in T-lymphocytes (23) . We sought, therefore, to initially compare the functions of BTP2 on the CRAC channel-mediated entry of Ca 2ϩ in lymphocytes with the store-operated entry of Ca 2ϩ in non-hematopoietic HEK293 cells, which are not known to express CRAC channels.
We utilized the B-lymphocyte cell line, DT40, in which CRAC channels are known to mediate the Ca 2ϩ entry in response to Ca 2ϩ store depletion (31, 35) . Our experiments assessed Ca 2ϩ entry in response to store depletion with the sarcoplasmic/ endoplasmic reticulum Ca 2ϩ ATPase Ca 2ϩ pump blocker, thapsigargin, using fura-2 to monitor cytosolic Ca 2ϩ levels. As shown in Fig. 1A , in the absence of external Ca 2ϩ thapsigargin induced a large and transient increase in intracellular Ca 2ϩ as stores were initially emptied as a result of unidirectional leak from the ER stores. Thereafter, Ca 2ϩ levels returned to baseline values as, after Ca 2ϩ stores were exhausted, the plasma membrane Ca 2ϩ pump (unaffected by thapsigargin) pumped down Ca 2ϩ by extrusion into the extracellular medium. The introduction of extracellular Ca 2ϩ caused a rapid entry of Ca 2ϩ through opened store-operated Ca 2ϩ channels as described in earlier studies (14) . This entry of Ca 2ϩ was substantially reduced if cells were preincubated for 10 min in medium containing 1 M BTP2. This reduction was almost complete when the same BTP2 preincubation was conducted for 1 h. Importantly, BTP2 did not alter the basal level of Ca 2ϩ or the size of releasable stores or the rate at which Ca 2ϩ is pumped out of cells. Hence, neither sarcoplasmic/endoplasmic reticulum Ca 2ϩ ATPase nor plasma membrane Ca 2ϩ ATPase (PMCA) pumps appear to be altered by BTP2 under conditions in which virtually all SOC-mediated Ca 2ϩ entry is inhibited. CRAC channels appear to exist only in T and B cells, mast cells, and other hematopoietic cells (2) (3) (4) 31) . We therefore sought to assess the effects of BTP2 in the HEK293 cell line, widely used in our previous studies to characterize store-dependent and receptor-operated Ca 2ϩ entry (12, 17, 34) . Despite having robust store-operated Ca 2ϩ entry, there is no evidence for the existence of CRAC channels in these cells. The same experiment undertaken on thapsigargin-induced Ca 2ϩ entry in HEK293 cells revealed very similar effects of BTP2 on thapsigargin-induced SOC-mediated Ca 2ϩ entry in HEK293 cells (Fig. 1B) . Although there was no effect on the thapsigargininduced Ca 2ϩ release component, there was complete inhibition of Ca 2ϩ entry. In these cells even a 10-min preincubation with 1 M BTP2 was sufficient to reduce almost all SOCmediated Ca 2ϩ entry, suggesting that, if anything, the entry might be slightly more sensitive.
The results on the effects of BTP2 on SOC-mediated Ca 2ϩ entry in both DT40 and HEK293 cells indicate a significant divergence from the effects reported by Zitt et al. (23) . In that study the action of BTP2 on T cells to block CRAC channelmediated Ca 2ϩ entry required substantial preincubation, the effect being very small after 1 h and maximal in ϳ4 -8 h. The effects we observed indicate that the action of BTP2 was substantially complete within 10 min. As shown in Fig. 2 , we more closely examined the concentration and time dependence of the action of BTP2 in HEK293 cells. With a 10-min preincubation ( Fig. 2A) , the action of BTP2 was half-maximal at ϳ0.1-0.3 M. The sensitivity with a 60-min preincubation was similar (Fig.  2B) . It is clear that the action of BTP2 is much faster than that reported for T cells (23) . However, it is also clear that the IC 50 we observe is significantly different. included a 24-h incubation. We have not observed any significant difference in the IC 50 when cells are incubated for longer than 1 h with BTP2. This 10-fold difference in sensitivity could have been a reflection of cell type and the presence or absence of CRAC channels. However, examination of BTP2 dependence on SOC-mediated Ca 2ϩ entry in DT40 B cells as well as the Jurkat T cell line revealed no significantly greater sensitivity even though both cell lines are established to express functional CRAC channels (31) . We also observed that the source of BTP2 was not a factor, because BTP2 synthesized from a different source gave identical results (data not shown).
Considering the difference in time dependence in the action of BTP2 on store-operated Ca 2ϩ entry in our studies and those recently published, we assessed more accurately the time of onset of the action of BTP2 on Ca 2ϩ entry. As shown in Fig. 3 for DT40 cells, when added simultaneously with Ca 2ϩ the action of BTP2 did show some delay. At 1 M, the initial rate of entry of Ca 2ϩ was little changed. However, within ϳ1 min, there was an appreciable reduction in the rate of Ca 2ϩ entry, and this inhibition continued to become larger over several minutes. At 10 M, the rate of Ca 2ϩ entry was reduced substantially within seconds. Nevertheless, there was still significant entry, whereas with 10 min of preincubation the action of BTP2 was complete at 1 M (Fig. 2A) . Similar results were obtained in studies with HEK293 cells (data not shown). Thus, the action of BTP, although not instantaneous, was largely complete within a few minutes. We also undertook experiments in which BTP2 was added after the addition of Ca 2ϩ , that is, after Ca 2ϩ entry had been initiated. Under such conditions, the onset of BTP2-induced inhibition of Ca 2ϩ entry was similar (data not shown).
The question of the physiological activation of store-operated channels has come under considerable recent scrutiny (36 -38) . The Ca 2ϩ pump blocker thapsigargin is a nonphysiological agent that substantially empties stores, and its relevance to the in vivo activation of Ca 2ϩ signals has been questioned (36, 38, 39) . Physiologically, Ca 2ϩ signals are generated in response to PLC-coupled receptors, either G protein-coupled receptors through PLC-␤ or tyrosine kinase-coupled receptors through PLC-␥ (1, 4) . Indeed, there are some significant differences between receptor-induced, as opposed to purely store depletioninduced, entry of Ca 2ϩ (4, 27, 36, 40) . Thus, thapsigargin bypasses the highly organized recognition and signal transducing machinery of the plasma membrane designed to both instigate and control the generation of Ca 2ϩ signals. It was therefore important to assess the actions of BTP2 to determine any effects on the different components of receptor-induced Ca 2ϩ signal induction. We initially assessed G protein-coupled receptor-induced Ca 2ϩ signaling in HEK293 cells mediated by the muscarinic receptor. As shown in Fig. 4A , the muscarinic agonist, carbachol, in the absence of extracellular Ca 2ϩ induced rapid InsP 3 -mediated Ca 2ϩ release from stores. Reintroduction of external Ca 2ϩ resulted in pronounced Ca 2ϩ entry. Without the initial application of carbachol, subsequent addition of the same (1 mM) external Ca 2ϩ results in no Ca 2ϩ entry (data not shown). After a preincubation of cells for 10 min with 1 M BTP2, the release of Ca 2ϩ was virtually unaltered, whereas the subsequent Ca 2ϩ entry was entirely blocked (Fig. 4B ). This is a significant result, indicating that none of the transducing functions of receptor, G protein, or PLC-␤ to produce InsP 3 was altered by BTP2. Moreover, the function of InsP 3 to bind to and open InsP 3 receptor channels in the ER was also unaltered by BTP2. Instead, BTP2 appeared to have a specific blocking action only upon the Ca 2ϩ entry process in response to receptor activation.
We also examined the action of BTP2 in response to the tyrosine kinase-mediated activation of PLC-␥2 in DT40 B cells. reflects the Ca 2ϩ entry response (Fig. 5A) . The BCR-activated Ca 2ϩ signals in the B cell line are considerably noisier than the above described G protein-coupled receptor because the responses among cells are typically less synchronized (14) . A 10-min preincubation of cells with 1 M BTP2 resulted in substantially lower Ca 2ϩ entry (Fig. 5B) , and a 1-h preincubation with the same level of BTP2 almost completely prevented Ca 2ϩ entry. The BCR-mediated signal cascade is an intricate series of coupled events involving a large composite of interdependent adaptor proteins and nonreceptor tyrosine kinase proteins associated with the BCR complex (41). BCR cross-linking activates a series of interactions between BCR-associated proteins and lipids in the plasma membrane, resulting in a cascade of intra-and intermolecular tyrosine kinase phosphorylation events and the eventual phosphorylation and activation of the PLC-␥2 enzyme (41) . Although there appeared be a slight increase in BCR-induced Ca 2ϩ release after BTP2, from a number of observations there was no significant effect. This indicates that the intricate coupling process from BCR through the composite of linked tyrosine kinases and the subsequent activation and function of PLC-␥2 are all unaltered by BTP2. Again, as for HEK293 cells, the function of InsP 3 receptors is also apparently unaltered. This result suggests that the action of BTP2 is rather selective for the Ca 2ϩ entry response. In recent studies it was revealed that Ca 2ϩ entry activated by receptors, as opposed to store depletion with thapsigargin, dif- 
FIG. 4. G protein-coupled receptoroperated Ca
2؉ entry in HEK293 cells is blocked by BTP2. Cells were preincubated for 10 min with Me 2 SO (0.1%; control) (A) or BTP2, 1 M (B). Cells were maintained in Ca 2ϩ -free medium; the muscarinic agonist carbachol (CCh) was added at 100 M (first arrow), followed by 1 mM external Ca 2ϩ (second arrow). The Ca 2ϩ entry phase is completely eliminated in the presence of BTP2, whereas there is no effect on PLC-coupled receptormediated Ca 2ϩ release. Details are provided under "Experimental Procedures."
fers with respect to a number of parameters in including a dependence on the nonenzymic role of PLC-␥ (27), modification by protein kinase C (18, 40) , and a permissive role of the InsP 3 receptor (42) . Although none of these differential regulatory parameters indicates that distinct channels or fundamentally distinct pathways are mediating Ca 2ϩ entry in response to receptors as opposed to passive emptying of stores, they suggest that receptor-mediated Ca 2ϩ entry receives important regulatory input from these regulatory parameters (4, 27, 40) . Despite these differences, it appears that the action of BTP2 does not distinguish between Ca 2ϩ entry mediated by receptor versus passive store depletion, perhaps suggesting that the site of action of BTP is closer to the end point Ca 2ϩ entry channel function.
Much recent focus has been directed toward assessing a role of the prominently studied TRP family of ion channels in the mediation of receptor-mediated and store-operated Ca 2ϩ entry (5, 6) . TRP channels were initially identified as mediating the longer-term light-induced current in Drosophila retina (43) . This channel is opened in response to the G protein-coupled rhodopsin receptor through activation of PLC-␤ (43). The seven gene members of the closely related mammalian "canonical TRP" (TRPC) channel family are also receptor-activated channels responding via activation of either PLC-␤ or PLC-␥ (5, 6). The two major subgroups of TRPC channels (the TRPC3/6/7 and the TRPC1/4/5 subgroups) contain highly structurally and functionally related subgroup members. The TRPC3/6/7 channels are clearly activable by DAG, at least when exogenously expressed (4, 16) , and it is reasonably speculated that PLCderived DAG is the physiological mediator of activation. However, there is some question whether endogenously expressed channels of this subgroup respond to DAG (44) . The TRPC1/4/5 subgroup responds to PLC-coupled receptors exactly as the TRPC3/6/7 subgroup, but there is clearly no activation observed with DAG, thus its activation mechanism remains enigmatic (16, 18) . Importantly, as described in the Introduction and in detail elsewhere (4), considerable evidence implicates members of both subgroups of TRPC channels in mediating store-operated Ca 2ϩ entry. It was hence crucial to investigate the actions of BTP2 to determine whether there is a mechanistic link between members of these TRPC subgroups and SOCs. We examined TRPC3 and TRPC5 channel function as representative channels from each subgroup.
We utilized the stably TRPC3-expressing T3-65 line of HEK293 cells used in previous studies (12) to address this question. In these cells we are able to unequivocally distinguish the function of TRPC3 channels from that of endogenous storeoperated channels by measuring Sr 2ϩ , as opposed to Ca 2ϩ , entry following receptor activation (12) . Thus, we have demonstrated that the highly Ca 2ϩ -selective SOCs in these and other cells will allow no entry of Sr 2ϩ (12, 25) . Sr 2ϩ entry is conveniently measured with fura-2-loaded cells as for Ca 2ϩ measurements with medium in which Ca 2ϩ -containing medium is replaced with that containing Sr 2ϩ (12, 14) . Using such conditions, after successful activation of receptor-induced InsP 3 -mediated Ca 2ϩ release with the muscarinic agonist carbachol, the addition of Sr 2ϩ results in a substantial entry of Sr 2ϩ (Fig. 6A ). It should be noted that in the control-transfected C1 HEK293 cell line or in untransfected HEK293 cells the addition of Sr 2ϩ after carbachol results in no measurable entry (12); hence, Sr 2ϩ entry is a reliable indicator of TRPC3 channel function. Preincubation of T3-65 cells for 10 min in the presence of increasing concentrations of BTP2 results in a dose-dependent inhibition of TRPC3 channel activity (Fig. 6, B-F) . In the experiments shown, there is little effect of 0.03 M BTP2 and a slight effect of 0.1 M. At 0.3 M there is a substantial inhibition, which becomes almost complete at 1 or 3 M. These are typical results from many experiments, and in general the IC 50 lies closely within the 0.1-0.3-M range.
We were also able to observe the direct activation of TRPC3 channels in T3-65 cells with the application of the membranepermeant DAG derivative, OAG. This approach is important in providing a more specific and direct activation of the TRPC3 channel. As shown in Fig. 7 , the OAG-dependent activation of Sr 2ϩ into T3-65 cells was prevented by BTP2 in a very similar dose-dependent manner as the activation of TRPC3 channels by receptor activation. The half-maximal inhibitory effect of BTP2 was between 0.1 and 0.3 M. In this experiment the action of OAG bypasses the input of the entire receptor, G protein, and PLC-mediated activation process. There is also no concomitant release of Ca 2ϩ that normally coincides with receptor activation as a result of InsP 3 production and the activation of InsP 3 receptors. Thus, the effect of BTP2 further suggests that it is acting upon either the release channel itself or some closely associated factor.
A recent short report from Penner and co-workers (45) suggests that one action of BTP2 is to activate the TRPM4 channel in lymphocytes. This channel has been characterized as a Ca 2ϩ -activated nonselective cation channel (46) , and it was suggested that TRPM4 activation would depolarize the membrane and decrease the driving force for Ca 2ϩ entering the cells through Ca 2ϩ channels. In the recent study by Ishikawa (22) on the actions of BTP2, direct evidence is presented that BTP2 does not cause any alteration of membrane potential in Jurkat cells; hence, it was concluded that the action of BTP2 to inhibit store-operated Ca 2ϩ entry in these cells was not through changes in membrane potential. To address whether the action of BTP on TRPC3 channels may be related to effects on membrane potential we took a different approach and undertook experiments to assess function of the TRPC3 channel in T3-65 cells in external medium in which Na ϩ ions were completely replaced by the nonpermeant organic cation, N-methyl-D-glucamine-chloride (Fig. 8) . Under these conditions, it was observed that the TRPC3 channel was still activated by carbachol and the sensitivity to BTP2 was unchanged. It has been definitively shown that N-methyl-D-glucamine-chloride cannot enter through TRPM4 channels (47) nor can it enter through TRPC3 channels (48) . We consider, therefore, this provides good evidence that the actions of BTP2 to block TRPC3 channels are not through the depolarizing activation of a monovalent cation channel such as TRPM4.
Although these data indicate a significant modification of TRPC3 function by BTP2, it was important to assess the actions of BTP2 more directly by examining TRPC3 channel properties electrophysiologically. Hence we measured TRPC3 channel activity in T3-65 cells both in the whole-cell patch clamp configuration and at the single channel level (Fig. 9) . Both carbachol and OAG induced similarly large inward currents in these cells. As shown in Fig. 9A , 100 M CCh induced a nonselective cation current in the TRPC3-expressing T365 cells. This current was absent in control HEK293 cells not expressing TRPC3 channels (data not shown). The typical time course for CCh-induced current at Ϫ80 mV (Fig. 9A ) reveals a maximal current of more than 20 pA/pF is attained within 10 -20 s after CCh addition and thereafter declines (Fig. 9A) . This time course closely resembles that for activation of Sr OAG (12, 18) . The current/voltage dependence (Fig. 9B ) of this CCh-induced current revealed the pattern of outward rectification typical for TRPC3 ion channels (9, 49, 50) . The CChinduced current activity in T3-65 cells was almost completely prevented by prior treatment of the cells with 3 M BTP2 (Fig.  9A) . The results provide good functional identification of the TRPC3 channel and its attenuation by BTP2. To gain more mechanistic information on the action of BTP2, we assessed changes in the TRPC3 channel properties induced by BTP2. In this case, we recorded channel activity in the cell-attached mode using ATP in the pipette as a highly effective activator of TRPC3 channels through activation of the P2Y receptor in T3-65 cells (12) . Fig. 9C shows consecutive recordings of ATPinduced TRPC3 channels under control conditions at different voltages ranging from 100 to Ϫ100 mV. The channel conductance changed linearly with membrane potential (Fig. 9D) and revealed a single channel conductance of ϳ64 Ϯ 2 pS. This is in excellent agreement with a number of earlier reports (9, 49, 50) . Indeed, from more detailed analysis of single channel recordings (not shown), we observed a subconductance state of ϳ18 pS similar to that reported for overexpressed TRPC3 channels (9) . The open probability was much higher at positive reversal potentials in agreement with the whole-cell outward rectifying properties of the channel. After 10 min of incubation with 3 M BTP2, channel activity was typically completely (Fig. 9C,  bottom trace) , very similar to that of open TRPC3 channels at 100 mV (Fig. 9B) . The data suggest that the action of BTP2 is to greatly reduce the open probability of TRPC3, the 8-pA spikes perhaps indicating short openings of TRPC3 channels. This suggests that the action of BTP2 may not be to change the pore properties of the TRPC3 channel but rather to alter how activation occurs. This could be by preventing channel interactions with DAG or by compromising the conformational change in the channels that leads to channel opening.
We also investigated the actions of BTP2 on two other channels that have been tied with the function of store-operated channels, TRPC5 and TRPV6. The TRPC5 channel is widely expressed among tissues and is a close homologue of TRPC4 and similar to TRPC1. Channels of the TRPC1/4/5 subgroup, like those of the TRPC3/6/7 subgroup, are activated in response to PLC-coupled receptors (5, 6). However, they are distinguished from the latter by being unresponsive to DAG (16); hence, their activation remains a mechanistic enigma. Each member of the TRPC1/4/5 subgroup has been strongly implicated in mediating store-operated Ca 2ϩ entry, as reviewed extensively (4) . We examined the actions of BTP2 on TRPC5 channel activity using HEK293 cells transiently expressing TRPC5 channels, a system we have successfully used in previous work to characterize a number of TRPC5 channel parameters (18, 40) . The results shown in Fig. 10 reveal that TRPC5 channel-mediated Sr 2ϩ entry was suppressed by a 10-min BTP2 preincubation with sensitivity very similar to that of both TRPC3 channels and SOC activity. We also examined BTP2 effects on HEK293 cells in which TRPC5 channels were stably and inducibly expressed and again observed similar sensitivity to BTP2 (data not shown). These results indicate that the link with SOC function extends to the TRPC5 as well as TRPC3 channels. In addition, transiently expressed TRPC6 channels in HEK293 cells were similarly inhibited by BTP2 (data not shown), a result somewhat expected considering the similarity between TRPC3 and TRPC6 channels.
Lastly, we examined the TRPV6 channel. TRPV6, together with the closely related TRPV5 channel, has by far the highest selectivity for Ca 2ϩ compared with any other members of the now sizeable superfamily of TRP channels (5, 6) . The Ca 2ϩ selectivity and channel properties were observed to be very similar to those of the store-operated CRAC channel (19) . Studies indicate TRPV6 may indeed be activated in response to store depletion (19, 20) . However, there are also some features that appear to distinguish TRPV6 from CRAC channels (21) and when expressed TRPV6 can operate as a constitutively active channel (20) . Clearly, the action of BTP2 on CRAC channels and SOC activity in all cells tested makes an analysis of its action on TRPV6 channels of considerable significance. As shown in Fig. 11 , the expression of TRPV6 results in a constitutively active channel allowing Ca 2ϩ to enter without any store emptying or receptor activation. HEK293 cells transiently transfected with the TRPV6 channel displayed a large constitutive entry of Ca 2ϩ that was unaffected by treatment for 10 min with 10 M BTP2. Thus, as seen in Fig. 11A , addition of external Ca 2ϩ to 10 M BTP-treated cells in the continued presence of 10 M BTP2 resulted in a robust entry of Ca 2ϩ . After removal of Ca 2ϩ , carbachol was added, and a subsequent readdition of Ca 2ϩ resulted in the same entry of Ca 2ϩ . The trace reveals the large TRPV6-mediated constitutive entry of Ca 2ϩ and no further activation by receptor-induced store depletion. In the absence of any BTP2, the TRPV6-mediated Ca 2ϩ entry was virtually the same (data not shown). The same experiment using control HEK293 cells identically treated with 10 M BTP2 revealed no entry of Ca 2ϩ either before or after carbachol (Fig. 11B) . The latter trace reveals that in the same cells BTP2 had indeed blocked any entry of Ca 2ϩ resulting from receptor activation and store depletion. Such a stark absence of effect of BTP2 on TRPV6 channel function prompted us to undertake an identical experiment to assess the action of BTP2 on TRPV6-transfected A7r5 smooth muscle cells (Fig. 11C) and control A7r5 cells (Fig. 11D) . The results are exactly consistent with those obtained with HEK293 cells. Thus, in both cell types TRPV6 channels function in a constitutively active mode, and the lack of any effect of BTP2 suggests that its action may be selective for TRPC channels. Overall, the results indicate that BTP2 appears to rather clearly define operation of store-operated and receptor-induced Ca 2ϩ entry channels in a number of cells. Similar sensitivity to BTP2 is a property shared by several members of the TRPC subgroup of receptor-activated cation channels, providing evidence for a functional link between the operation of TRPC channels and endogenous store-operated channels. We cannot say that the site of action of BTP2 is on the channel itself; however, given its effect on DAG activation of TRPC3 channels, we would suggest that this is a likely scenario. There has been a considerable paucity of effective and specific modifiers of SOC activity, one major reason why the channel(s) involved and their activation and coupling properties have remained elusive. BTP2 certainly provides a TRPC and SOC modifier with ϳ100-fold greater potency than the very few other modifiers that are known (4, 33) . Therefore, BTP2 may provide a useful probe to identify and understand the crucial and widespread function of store-operated Ca 2ϩ entry.
